Abstract Phosphonate natural products have proven to be a rich source of useful pharmaceutical, agricultural, and biotechnology products, whereas study of their biosynthetic pathways has revealed numerous intriguing enzymes that catalyze unprecedented biochemistry. Here we review the history of phosphonate natural product discovery, highlighting technological advances that have played a key role in the recent advances in their discovery. Central to these developments has been the application of genomics, which allowed discovery and development of a global phosphonate metabolic framework to guide research efforts. This framework suggests that the future of phosphonate natural products remains bright, with many new compounds and pathways yet to be discovered.
Introduction
Phosphonates, including both synthetic and natural products, are among one of the most widely used classes of compounds, with applications in medicine (drugs), agriculture (fertilizers and herbicides), synthetic chemistry (catalysts), industrial processes (anti-scaling, metal chelation, and water treatment), and consumer products (cosmetics and detergents) [39, 61] . The diverse uses of phosphonates can be ascribed in large part to their defining chemical characteristic-the carbon-phosphorous (C-P) bond, with phosphonates containing a single C-P bond and phosphinates having either carbon-phosphorus-carbon bonds (C-P-C) or carbon-phosphorous-proton bonds (C-P-H) [39] .
The diverse uses of C-P molecules have led to considerable interest in their chemistry and biochemistry. In particular, with the rising incidence of drug-resistant pathogens, there has been renewed interest in phosphonate natural products as a source of new antibiotics to mitigate this growing threat to human health. In this article, we review the field of phosphonate natural products, with an emphasis on how recent advances in genomics and detection methodologies are revolutionizing the discovery of new compounds and their biosynthetic pathways.
phosphonoglycans produced by archaea, bacteria, protozoa, and invertebrates. Additionally, both 2-AEP and 2-hydroxyethyl phosphonate (2-HEP) have also been found attached to the sugars of glycosylated proteins of lower eukaryotes [21, 38] . Despite their ubiquity, the biological function of phosphonate macromolecules remains an unsolved mystery.
The discovery of phosphonate natural product antibiotics
The majority of known small molecule phosphonate natural products isolated in the 20th century ( Fig. 1 ; Table 1 ) [16, 39] were discovered using bioassay-guided fractionation. Accordingly, all compounds described during this time period have known bioactivities. Fosfomycin (phosphonomycin) [8, 19] , bialaphos [SF-1293, phosphinothricin tripeptide (PTT)] [1, 41] , phosalacine [45, 46] , trialaphos [28] , dehydrophos (A53868) [24] , FR-900098 [43] , fosmidomycin [44] , the plumbemycins [47] [48] [49] , SF-2312 [60] , and fosfonochlorin [58] were originally isolated by assaying inhibition of bacterial growth. Inhibition of fungal growth was used in isolation of the fosfazinomycins [18, 42] and the rhizocticins [51] , while inhibition of angiotensin-converting enzyme activity was used in discovery of I5B2 [29] and K-26 [65] , and prevention of seed germination in the discovery of phosphonothrixin [33, 57] .
The biological activity of phosphonate natural products is attributed to the chemical stability of the C-P bond coupled with chemical mimicry of key phosphate ester and anhydride metabolites. Fosfomycin, a broad-spectrum bactericide, is an analog of phosphoenolpyruvate (PEP) and inhibits UDP-N-acetylglucosamine enolpyruvyl transferase (MurA) to block peptidoglycan biosynthesis [30, 37] . Similarly, fosmidomycin and FR-900098 inhibit DXPreductoisomerase in the non-mevalonate pathway of isoprenoid biosynthesis, acting as chemical analogs of the native substrate, 2-C-methylerythritol 4-phosphate [54] . Dehydrophos is metabolized into methyl acetylphosphonate, a toxic analog of pyruvate [10] . The phosphonate peptides PTT, phosalacine, trialaphos, rhizocticins and plumbemycins are all transported into the cell and activated by proteases to release a ''Trojan horse'' warhead [12, 34] . The non-proteinogenic amino acid (Z)-L-2-amino-5-phosphono-3-pentenoic acid (APPA) from plumbemycins and rhizocticins inhibits threonine synthase by mimicry of its natural substrate phosphohomoserine, whereas phosphinothricin from bialaphos, phosalacine, and trialaphos inhibits glutamine synthetase due to its resemblance of glutamic acid [39] .
Phosphonate natural products and/or their resistance markers have been successfully commercialized into several important pharmaceutical, agricultural, and biotechnology products. Fosfomycin (Monuril Ò ) is clinically used for the treatment of urinary tract and gastrointestinal infections. Both fosmidomycin and FR-900098 have undergone testing in clinical trials against Plasmodium, the causative agent of malaria, as their use of the non-mevalonate pathway for isoprenoid biosynthesis presents a drug target that is absent in humans [26, 36, 62] . Phosphinothricin (PT) is used as the active ingredient in several widely used commercial herbicide formulations sold by Bayer including Liberty Ò , Basta Ò , and Rely
The genes encoding for bialaphos resistance (phosphinothricin acetyltransferase), originally cloned from bialaphos producing streptomycetes [3, 56, 59, 63] , have been used as selection markers in plant biology and engineering [11] . Several PT resistant varieties of canola, corn, cotton, and soybeans have been developed by Bayer and marketed as LibertyLink Ò crops for use in combination with their commercial PT, or glufosinate, herbicides for weed management. The commercialization of three of the 20 small molecule phosphonates shown in Fig. 1 16 %, two orders of magnitude higher than the 0.1 % estimated for natural products as a whole [2] .
The state of phosphonate natural products at the end of the 20th century Despite this tremendous existing value and potential, \30 small molecule phosphonate natural products have been described in the literature (including peptide derivatives). However, the use of bioassay guided purification, rather than sensitive analytical methods for the detection of the phosphonate functional group, precluded researchers from selectively discovering new members of this natural product class. Further, many phosphonates may have been missed in screening campaigns due to the specifics of the bioassays being used. It is also likely that the chemical characteristics of the phosphonate moiety may have affected their inclusion in follow-up studies. Accordingly, most phosphonate natural products are highly water-soluble and lack sufficient hydrophobicity for extraction into partitioning organic solvents. This makes them less likely to be carried through the usual protocols for purification and characterization of molecules present in crude microbial extracts. This problem is exemplified in a passage from the introduction to the chapter on water soluble compounds in the book Natural Product Isolation: ''…the purification of small water-soluble molecules is still considered to be difficult and shunned by most researchers'' [52] . At the close of the 20th century, three key questions emerged that needed to be answered to revitalize the lagging field of natural product discovery: (1) How can discovery pipelines be effectively and facilely de-replicated to avoid re-purification of known compounds, (2) how many different natural products remained to be discovered and (3) which group(s) of organisms should be targeted for discovery efforts. The problem of re-discovery has become especially problematic for all classes of antibiotics, including many phosphonates. For example, after its original discovery in Streptomyces fradiae, fosfomycin was re-discovered in numerous streptomycetes and also in Pseudomonas [27, 55] . The isolation of related phosphonate natural products from different strains begs the second question of whether the number of discrete scaffolds, and therefore the number of fundamentally different compounds in existence is limited. Indeed, PT, APPA, (R)-1- amino-2-(4-hydroxyphenyl)ethylphosphonic acid (AHEP; K-26/I5B2) and methyl 1-hydrophosphonoacetate (MeHPnA; fosfazinomycin A and B) are the phosphonate moieties present in nearly half of the discovered phosphonate natural products. Also uncertain is whether actinomycetes will remain as the best source for new phosphonate natural products and whether their chemical diversity has already been exhausted. Phosphonates have been purified from filamentous fungi (fosfonochlorin), bacilli (rhizocticins), and even marine sponges (phosphoiodyn A) [31] , and strains from these groups could also be explored. In general, where should discovery efforts be focused to most efficiently isolate new compounds?
We have made good progress towards understanding the number of gene clusters that will be discovered via genomics. It is possible to group natural product biosynthetic gene clusters into gene cluster families (GCFs) that will direct the biosynthesis of similar compounds. The conservation of GCFs between different species has been shown to vary between genera and based upon the class of natural product in question [13] . Phosphonates exist in approximately 5 % of the bacterial genomes sequenced to date, a number that also applies to many of the metagenomic data sets available [66] . Recognizing the abundance of gene clusters does not address the problem of cryptic clusters, however. Many genome-based inquiries into novel natural products must first distinguish whether the many natural product gene clusters present are expressed or silent. If expression does occur under laboratory conditions, then the compounds of interest must somehow be identified out of its chemical milieu. For many classes of natural products, this can be a very time consuming step, but it is a relatively straightforward aspect of phosphonate research. As will be described in the following sections, phosphonates possess a number of features that lend themselves to facile and potentially high-throughput approaches to answer each of the difficult questions posed above.
Detection of phosphonates
Unlike the many other natural products classes (e.g., polyketides, non-ribosomally synthesized peptides, aminoglycosides, etc.) phosphonates share a simple chemical handle, observable by nuclear magnetic resonance (NMR) that allows facile detection of the molecules when they are produced. Whereas most phosphorus-containing biomolecules have 31 P NMR chemical shifts between ?5 and -25 ppm, all phosphonate natural products identified thus far (except phosphonoformate) have chemical shifts above 8 ppm. Thus, without any knowledge of chemical structure, exact mass, biological activity or chemical reactivity, it is possible to determine whether most phosphonates are present in a sample by a single analysis. It should be noted that some non-phosphonate compounds, including cyclic phosphate esters, shift in this region, while a few phosphonates do not. Thus, we have developed two complementary methods for specific detection of phosphonic acids. The first utilizes highly sensitive mass spectrometry to create a list of putative phosphonate compounds in extracts based on ratios of negative ions after electrospray ionization with m/z 63, 79, and 97 [15] . The second method requires the molecule to have antibacterial activity and relies on an engineered Escherichia coli strain, WM6242 that expresses the non-specific phosphonate uptake system (phnCDE) under control of a P tac promoter. Thus, phosphonates can be deemed present when sensitivity to an extract is increased after induction of the transporter with IPTG [14] . All three approaches have been useful for detecting new molecules, characterizing the effects of genetic deletions on biosynthetic gene clusters, screening growth conditions to optimize yield, and assaying chromatography fractions.
In addition to these convenient chemical and bioassay approaches, we have developed a simple, scalable molecular biological approach to assess whether the genes needed for phosphonate biosynthesis are present. With the exception of K-26 and I5B2, all known phosphonate biosynthetic pathways have the same first step in which phosphoenolpyruvate is reversibly converted to phosphonopyruvate (PnPy) by the enzyme PEP mutase (PepM, Fig. 4 ). This activity was first recognized through biochemical characterization of 2-AEP biosynthesis in Tetrahymena and bialaphos production in Streptomyces hygroscopicus (Fig. 2 ) [7, 20, 53] . This enzyme is a member of the isocitrate lyase superfamily, which also includes methylisocitrate lyase, 2,3-dimethylmalate lyase and phosphonopyruvate hydrolase. Although there is substantial sequence conservation between family members, a key active site motif, EDK-X5-NS, can be used to determine whether individual sequences encode bona fide PEP mutases.
The use of the pepM gene as a molecular marker for phosphonate biosynthetic capacity provides a powerful tool for assessing the diversity and abundance of phosphonate biosynthesis in nature, as well as for identification of the genes needed for the synthesis of known phosphonate natural products. We have found that all known pepM sequences may be amplified with only four primer sets. The pepM genes from numerous organisms, verified in this way, were successfully used as markers to identify the gene clusters responsible for bialaphos, fosfomycin, rhizocticin, and FR-900098 biosynthesis [4, 6, 14, 32, 64] . Similarly, it is possible to predict the total number of phosphonate natural products in different environments using an amplicon sequencing approach. Recent analyses have shown that there is a direct, linear correlation between PepM sequence conservation and the associated biosynthetic gene clusters [66] . Thus, the relative similarity of two biosynthetic gene clusters, and therefore between two phosphonate biosynthetic pathways, can be predicted by examining the similarity of the PepM proteins encoded within these gene clusters. Extrapolation of these results from the observed PepM diversity in genomes, metagenomes and bacterial isolates suggests that 100-200 discrete phosphonate scaffolds await discovery. In this way, pepM as a genetic handle is not only a bioprospecting tool in the lab, but is also a potentially valuable tool for assessing the microbial diversity of an entire class of natural products. Coupled with the available chemical detection methods described above, phosphonates are an ideal system for further research into the molecular biology and ecology of natural products.
Diversity and evolution of phosphonate biosynthetic pathways
Based on the presence of pepM in sequenced genomes, synthesis of phosphonates is quite common in bacteria (270 out of 6,878 genomes examined, Fig. 3 ). The effect of horizontal gene transfer on the PepM phylogeny is quite clear, as specific taxonomic domains often appear in separate PepM lineages. Many PEP mutase sequences in this data set are linked to additional nucleotidyl transferase domains, as either N-or C-terminal fusions, which may be involved in shifting the chemical equilibrium of the PEP mutase reaction towards formation of product (see below). The N-terminal fusion appears to have evolved once and the C-terminal fusion appears to have occurred at least twice in separate branches of the PepM phylogeny. The N-terminal nucleotidyl transferase appears to have been lost in the PepM lineage present in the Burkholderia in the lower left of Fig. 3 . The nucleotidyl transferase domain appears to be completely absent in these lineages, as the loss of the N-terminal fusion is not accompanied by the gain of a C-terminal fusion or a separate nucleotidyl-transferase ORF.
Examination of the gene neighborhoods surrounding pepM genes provides a window into the chemical diversity of the phosphonate natural product class. The chemical equilibrium for the PEP mutase reaction lies strongly towards PEP. Therefore phosphonate biosynthetic pathways always encode a thermodynamically favorable reaction that utilizes PnPy as substrate (as noted above, the nucleotidyl transferase domain may also help drive the reaction). In some organisms, the unfavorable production of PnPy is pulled forward through condensation with acetyl-CoA to form 2-phosphonomethylmalate (as in FR-900098 and fosfomycin biosynthesis [14, 32] ); however, the enzyme that most commonly fulfills this role is PnPy decarboxylase (Ppd), which produces phosphonoacetaldehyde (PnAA, Fig. 2 ). Following the Ppd reaction, many phosphonate biosynthetic pathways produce 2-AEP via transamination of phosphonoacetaldehyde. The transaminase that catalyzes this reaction is widespread suggesting that it is either an intermediate or the final product in many organisms, especially those outside of the actinomycetes. The majority of known small molecule phosphonates do not proceed through transamination after decarboxylation, but rather through reduction of phosphonoacetaldehyde to 2-HEP, as with PhpC in PTT biosynthesis [5] . As discussed above, 2-AEP is commonly found attached to polysaccharides and as a lipid head groups and many of the gene clusters shown from Fig. 4 are likely involved in the biosynthesis of these structural molecules [66] . Recent investigations into the biosynthesis of fosfazinomycin, discussed below, suggest an additional branch from PnAA to phosphonoacetate (PnAc) in this pathway. Interestingly, many gene clusters (shown as white spaces in Fig. 4 ) lack the known thermodynamically favorable driving reactions and thus encode as-yet undiscovered biosynthetic machinery following PnPy production. Lastly, we note that all phosphonate natural products of industrial interest, with the exception of fosfomycin, are clustered within discrete clades, and all but the rhizocticins are produced by actinomycetes. Accordingly, there is a higher diversity in these biosynthetic gene clusters even when considering the first one or two steps after production of PnPy.
Recently discovered phosphonate natural products
Our group has successfully used pepM-guided genome mining in the discovery of novel phosphonate natural products from a variety of different Streptomyces strains. NMR-guided fractionation was used in the isolation of three new compounds from S. regensis strain WC-3744 [9] . From this strain, N-acetyl-2AEP, N-acetyl-1-hydroxy-2AEP were purified along with cyanophos (cyano[hydroxyl]methyl phosphonic acid), a novel cyanohydrin compound. Analysis of the phosphonate gene clusters suggests that cyanophos may have origins from 2-AEP and is likely only an intermediate in the biosynthesis of a yet to be determined final product [9] . A PCR screen for pepM also indicated the presence of a phosphonate biosynthetic gene cluster in S. atratus strain B-2808 [15] . Analysis of the fragmentation patterns of phosphonates and phosphate esters revealed a general trend where in the relative abundances of m/z 63, 79 and 97 ions were distinct between the two groups of compounds; extracts from B-2808 contained compounds with m/z ratios suggestive of phosphonates. Detection of phosphonates from concentrated crude culture extracts was further enhanced by pretreating with alkaline phosphatase and phosphodiesterase to hydrolyze phosphate esters, then precipitating free phosphates with calcium acetate, followed with enrichment by weak-anion exchange chromatography. Combining this clean-up strategy with the precursor ion scanning method and a high-resolution spectrometry instrument, phosacetamycin (N-acetyl-APPA) was identified and isolated by a mass-guided liquid chromatography approach. While the rhizocticins and plumbemycins exclusively inhibited fungi or bacteria, respectively, phosacetamycin inhibited both [15] .
Most recently we have developed a stable isotope strategy to discover novel phosphonate compounds by reacting partially purified culture extracts with phosphonate O-methyltransferase DhpI (from dehydrophos biosynthesis) [35] and a mixture of SAM and CD 3 -SAM [17] . The chemoselective activity of DhpI enables identification by searching for pairs of compounds with an exact isotopic difference of 3.0188 Da, corresponding to SAM-and CD 3 -SAM-methylated phosphonates. This strategy was used to identify and purify methyl phosphonoacetate and methyl Fig. 4 PepM maximumlikelihood tree, early biosynthetic steps, and taxonomy. The phylogenetic tree is the same as shown in Fig. 3 . Here the inner circle is colored according to the presence of Ppd, 2-AEP transaminase, phosphonoacetaldehyde reductase (PhpC) and FrbC. The outer circle is the same as in Fig. 3 and shows the phylum level taxonomic designation for each strain. Sequences that correspond to known compounds are: 1 bialaphos, 2 cyanophos, 3 dehydrophos, 4 fosfazinomycin, 5 FR-900098, 6 rhizocticin, and 7 fosfomycin. The tree is rooted on the sequence for methylisocitrate lyase from E. coli, indicated with an asterisk 1-hydroxyphosphonoacetate from Streptomyces sp. strains WM6372 and XY332. Although analysis of their phosphonate gene clusters indicated the production of unknown phosphonate compounds and both molecules were undeniably new phosphonate natural products, their conspicuous similarity as a substructure of the fosfazinomycins prompted further investigations. Ultimately both strains were shown to produce phosphonates fosfazinomycin A and B. The biosynthetic genes identified from draft genomes and heterologous expression experiments provide insights into the formation of the hydrazide core and peptide bonds in this structurally rare natural product [17] .
Summary and outlook
Genomics and new detection technologies developed in the past 10 years are providing both a much needed resurgence and new roadmap for continued research of this historically successful class of natural products. Even as the field of phosphonate natural products has matured significantly, many mysteries remain to be solved. The PepM independent pathways for phosphonate biosynthesis (K-26 and I5B2) have yet to be identified. Also unknown are the physiological role of some phosphonate natural products, and why certain biosynthetic pathways are highly abundant while others are rare. What is clear is that a plethora of new phosphonates, pathways, and enzymes have yet to be characterized. Genomics has unlocked a vast trove of phosphonate treasures, with many of the best discoveries sure to come in the near future.
